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ABSTRACT 


A  one-year  study  o£  nonlinear  optical  e££ecta  in  £ibers  using 
UV  lasers  investigated  stimulated  Raman  scattering.  Lines  were 
seen  due  to  quartz  in  £ibera  and  due  to  organic  liquids  in  liquid- 
£illed  capillaries.  Benzene  £ormed  a  waveguide,  but  in  preliminary 
experiments  only  IX  was  converted  to  stimulated  Stokes  scattering. 
0£  particular  interest  was  the  discovery  o£  Raman  scattering  o£  the 
Nitrogen  laser  light  £rom  the  nitrogen  vibrational  transitions 
within  the  laser  itsel£.  Such  lines  have  never  been  reported 
before.  Of  additional  interest  was  the  multi-line  spectral 
broadening  of  the  stimulated  Raman  spectra  observed  from  quartz 
fibers.  The  reason  for  this  broadening  remains  to  be  investigated. 

Preliminary  experiments  were  performed  and  apparatus  designed 
which  sets  the  stage  for  further  research  into  the  high  power  UV 
properties  of  fibers. 
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Introduction 


This  was  a  one-year  program  to  begin  research  into  short  wave¬ 
length  generation  using  optical  fibers.  Although  the  program  was 
originally  conceived  and  begun  by  Professor  Hordechai  Rothschild, 
he  left  use  in  November  and  in  the  last  two  months  Professor  Elsa 
Garmire  took  over  active  technical  direction  and  responsibility  for 
the  personnel.  The  graduate  student  Hisham  Abad  continued  working 
on  the  program.  The  research  remained  on  schedule,  with  delivery 
of  the  f lashlamp-pumped  dye  laser  operating  near  specifications. 
Initial  experiments  were  performed  on  all  three  ma3or  aspects  of 
the  program  -  gas-diffused  quartz  fibers,  liquid-core  fibers  and 
the  search  for  phase-matched  anti-stokes  generation.  This  report 
outlines  the  progress  made  in  each  of  these  areas. 

Technical  Discussion 


1.  Flash-lamp  pumped  dye  laser 

The  newly  purchased  Candela  dye  laser  was  characterized  and 
shown  to  provide  300  nsec  pulses,  with  an  energy  of  2  J/pulse, 
using  Rh-6G  dye,  close  to  the  specifications  of  the  manufacturer. 
The  beam  quality  was  excellent,  with  less  than  2  mrad  beam  diver¬ 
gence.  Spectral  quality  was  not  as  high  as  desirable  and  depended 
on  alignment.  Typical  spectra  are  shown  in  Figure  [13 .  Operation 
was  either  in  two  narrow  lines  3  ft  wide  and  separated  by  7  ft  or  in 
one  line  of  width  11  ft.  This  latter  linewidth  was  ten  times  larger 
than  the  N2  laser  which  was  used  in  previous  experiments. 

The  300  nsec  duration  of  the  pulse  was  too  long  for  nonlinear 
optics  experiments  in  fibers.  In  preliminary  experiments  on  the 
transmission  of  this  power  through  both  quartz  and  liquid-core 
fibers,  the  fibers  blew  up  under  the  higher  energy  from  the  dye 
laser.  For  this  reason  it  was  necessary  to  narrow  the  pulse  in 
time  using  a  pulse-sl icer ,  which  could  reduce  the  pulse  duration  by 
an  order  of  magnitude.  We  tested  the  new  pulse  slicer  and  found 
that  it  produced  pulses  of  programmable  length  with  a  minimum  pulse 
duration  of  35  nsec,  close  to  specifications.  However,  we  also 
measured  a  decrease  in  peak  intensity  as  a  function  of  pulse  width 
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for  pulse  widths  less  than  150  nsec.  Typical  data  are  shown  in 
Figure  [23 .  This  reduction  in  peak  intensity  must  be  taken  into 
account  in  designing  future  experiments. 

2.  General  experimental  procedure  for  measurement  of  Raman  Scat¬ 
tering 

A  pulsed  laser  Cexcimer,  nitrogen  or  dye3  was  focussed  by  a 
short  focal  length  lens  (4-5  cm)  into  quartz  fibers  of  200  -  300  um 
diameter.  These  were  solid  core  with  plastic  or  glass  claddings  or 
were  hollow  capillaries.  The  output  was  collected  by  a  second  lens 
and  focussed  onto  the  slit  of  a  0.75  m  monochromator.  The  mono¬ 
chromator  was  scanned  manually  for  the  proper  wavelength  and  the 
light  was  detected  at  the  exit  slit  by  a  photomultiplier. 

Difficulties  in  taking  data  arose  due  to  the  low  rep  rate  of  the 
lasers  <1  Hz  max)  and  the  fast  decay  of  the  pulse  energy  with  many 
shots.  Since  the  pulse-to-pulse  variation  was  great,  a  large 
number  of  pulses  were  needed  for  each  data  point.  Because  of  the 
finite  lifetime  of  the  gas  or  dye  fill  of  the  lasers,  normalization 
was  not  sufficiently  accurate.  This  is  particularly  important 
since  the  nonlinear  effects  depend  on  intensity.  This  laser  con¬ 
straint  indicates  that  in  the  future  experiments  would  best  be 
performed  on  a  single-pulse  basis,  such  as  by  using  film  or  an  DMA. 
The  data  in  this  report,  however,  were  taken  as  described  above. 
This  is  the  procedure  which  was  used  by  Rothschild  and  Abad  to 
report  the  Stokes  Raman  line  in  quartz  fibers  (Optics  Letters, 
October,  19833 . 

3.  “Gas  in  Glass**  experiments 

The  intention  of  these  experiments  was  to  provide  Raman-active 
media  within  a  quartz  fiber  in  order  to  provide  new  Stokes  and 
phase-matched  anti -Stokes  lines.  At  the  beginning  of  this  program 
Rothschild  and  Abad  had  already  reported  on  the  Stokes  Raman  line 
which  occurs  from  the  OH  vibrations  in  quartz  fibers.  When  the 
excitation  is  the  nitrogen  laser  at  338  nm,  this  OH  line  occurs  at 
343  nm.  While  the  stimulated  Stokes  line  was  observed,  no  stimu¬ 
lated  anti -Stokes  was  seen  in  these  experiments.  This  may  have 
been  because  the  stimulated  Raman  line  in  quartz  was  relatively 
weak  (~10X  of  the  pump).  The  spontaneous  Raman  line  in  quartz  is 
relatively  weak.  By  contrast,  the  Raman  line  in  hydrogen  is  much 
stronger  and  it  was  proposed  that  by  diffusing  hydrogen  into  the 
fiber,  we  could  provide  a  stronger  Raman  scatterer,  enhancing  the 
possibility  of  anti-Stokes  output. 

Before  experiments  were  begun  on  diffused  hydrogen,  it  was 
necessary  to  develop  the  high-pressure  diffusion  technique  using  a 
less  dangerous  gas.  Thus  diffusion  of  nitrogen  was  attemped  first. 
We  performed  a  series  of  experiments  looking  for  the  Raman  line 
from  diffused  nitrogen  in  UV  transmitting  quartz  fibers.  A  35 


PULSE  DURATION  (NANOSECONDS) 


Figure  2.  Intensity  of  pulse  after  Pockels*  cell 
"pulse-slicer "  as  a  function  of  pulse  length. 


inet.er  long,  300  urn  diamet.er  fiber  was  inserted  in  a  regular  nitro¬ 
gen  bottle,  then  it  waa  preaaurized  to  1300  pai  for  a  period  of  two 
montha.  The  uae  of  nitrogen  waa  for  practice  before  uaing  the  more 
dangeroua  hydrogen,  which  waa  the  ultimate  aim  of  the  reaearch.  It 
waa  hoped  that  under  presaure  for  two  montha  the  nitrogen  would 
diffuae  into  the  core  of  the  fiber.  That  would  have  provided  ua 
with  a  new  Raman  medium  which  would  ahift  the  laaer  line  by  2331 
cm”l.  When  excited  by  a  nitrogen  laaer  line  at  337  nm,  the  firat 
Stokea  Raman  line  would  appear  at  3&&  nm . 

After  removing  the  fiber  from  the  high  preaaure  nitrogen 
bottle,  we  began  experimenta  looking  for  the  Raman  line  due  to  the 
nitrogen  vibration.  We  obaerved  a  weak  line  at  367  nm,  aa  ahown  in 
figure  t33 .  However,  thia  line  exiated  even  in  non-diffuaed 
fibera.  Eventually  we  found  that  thia  line  exiated  even  when  the 
fiber  waa  removed  from  the  experiment,  and  we  concluded  that  thia 
line  aroae  from  the  nitrogen  in  the  laaer  cavity.  Thua  we  believe 
we  have  observed  Raman  acattering  from  the  nitrogen  within  the 
laser  itself.  That  is,  the  electronic  nitrogen  transition  pro¬ 
vides  the  initial  laser  line,  and  the  vibrational  nitrogen 
structure  provides  the  Raman  ahift.  To  our  knowledge  this  is  the 
first  observation  of  a  Raman  line  emitted  from  a  gas  laser.  It  was 
therefore  not  possible  to  separately  identify  any  contribution  from 
nitrogen  in  the  fiber  and  the  attempt  to  diffuse  nitrogen  into 
fibers  was  stopped. 

The  preliminary  experiments  in  nitrogen  allowed  us  to  test  a 
pressure  system  which  can  be  used  in  situ  to  study  the  Raman  line 
in  hydrogen  by  adapting  a  presaure  cylinder.  The  design  for  the 
system  is  shown  in  Figure  C43 .  In  particular,  a  length  of  fiber  is 
inserted  and  epoxied  into  a  plug  which  blocks  the  inlet  and  outlet 
of  the  pressure  vessel .  This  ensures  that  the  full  pressure  can  be 
applied  safely. 

4.  Liquid  Core  Waveguides 

Using  the  nitrogen  laser  at  367  nm,  we  studied  the  transmis¬ 
sion  of  a  series  of  hollow  waveguides  of  diameter  200  and  300  urn, 
filled  with  various  liquids.  We  built  a  liquid  waveguide  from  both 
300  urn  and  200  urn  hollow  quartz  capillary  tubes  surrounded  by  a 
larger  glass  tube  for  protection,  and  with  two  liquid  cells  at  each 
end,  as  shown  in  Figure  C5] .  The  purpose  was  to  look  for  stimu¬ 
lated  Raman  scattering  caused  by  organic  liquids  that  formed  the 
core  of  this  waveguide,  with  the  intent  of  ultimately  generating 
phase-matched  anti-Stokes  radiation.  The  length  of  the  guide  was  1 
meter  long  and  designed  to  increase  the  interaction  length  for  the 
nonlinear  process  over  that  of  a  focal  spot,  particularly  when 
using  a  UV  laser  with  a  poor  beam  divergence. 

Several  problems  arose.  We  had  to  find  a  suitable  liquid  that 
transmits  in  the  UV,  which  has  a  large  Raman  cross-aection  and  with 
a  higher  refractive  index  than  that  of  quartz.  The  nitrogen  laser 
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Figure  3.  Spectra  taken  for  "gas  in  glass"  experiment,  a)  Spectra 
of  nitrogen-diffused  fiber,  b)  Spectrum  of  clean  fiber,  around 

raman  line,  c)  Spectrum  of  N^  laser,  around  Raman  line. 


Figure  .  Design  of  high-pressure  chamber  of  diffusing 
hydrogen  into  silica  fibers,  a)  Opened  view.  Top  bolts 
down  with  ”0"  ring  seal,  b)  Cross-section  showing 
threads  for  added  protection. 


was  used  as  t.he  pump  source.  Preliminary  experiment.s  were  made 
looking  for  Raman  acat.t.ering  from  cyclohexane,  acet.one,  toluene  and 
benzene.  In  general  the  Raman  lines  observed  were  very  weak.  This 
was  either  due  to  the  absorption  of  these  liquids  in  the  UV  or  due 
to  the  lower  index  of  the  liquids  than  of  the  quartz  capillary, 
causing  anti -guiding .  It  was  apparent  the  more  careful  measure¬ 
ments  to  determine  guiding  were  necessary. 

Benzene  was  investigated  as  the  most  likely  waveguide  for  a 
liquid-filled  capillary.  Figure  6  shows  the  refractive  index  of 
fused  quartz  as  a  function  of  wavelength  and  also  indicates  the 
refractive  indices  of  the  four  organic  liquids  studied.  It  can  be 
seen  that,  at  least  in  the  visible,  only  benzene  and  toluene  can 
form  waveguides.  Assuming  that  the  relative  ratio  of  refractive 
indices  remains  even  as  shorter  wavelengths,  it  can  be  seen  that 
benzene  should  have  the  highest  dielectric  discontinuity.  We  there 
fore  studied  benzene-filled  capillaries.  We  first  launched  the 
laser  into  an  empty  capillary  and  measured  the  output.  We  then 
filled  the  capillary  with  benzene  and  measured  the  output.  We 
found  the  signal  as  high  in  the  presence  of  benzene,  confirming  the 
existence  of  a  waveguide.  Thus  Benzene  was  found  to  be  the  most 
suitable  to  look  for  Stokes  with  the  least  loss.  We  looked  at  the 
lines  shifted  by  992  cm~l  and  3062  cm~l.  Again  only  very  weak 
lines  were  observed  at  wavelengths.  Typical  results  are  summarized 
in  Figure  C7] .  The  992  cm~l  and  3062  cm“l  shifted  lines  had 
roughly  equal  intensities,  about  1st  of  the  incident  light.  As  a 
check,  the  signal  without  any  liquid  in  the  capillary  did  not  show 
the  Raman  lines,  as  indicated  in  one  of  the  enlarged  inserts. 

We  thought  that  the  reason  for  the  weak  Raman  lines  was  that 
the  nitrogen  laser  did  not  focus  well  because  of  its  bad  beam 
quality.  An  unstable  resonator  was  built  in  order  to  improve  the 
brightness  and  we  tried  the  experiments  again.  This,  however,  led 
to  a  new  problem.  Bubbles  started  to  appear  at  the  input  end  of 
the  capillary  and  that  reduced  the  transmission  of  the  waveguide  to 
a  minimum.  Experiments  were  done  to  determine  how  to  get  rid  of 
the  bubbles.  We  flowed  the  benzene  through  the  capillary  but  that 
did  not  solve  the  problem.  We  also  tried  to  use  filters  to  purify 
the  liquid  and  that  did  not  help  either.  We  decided  that  the 
shorter  pulses  using  the  doubled  dye  laser  would  be  better  for  this 
experiment,  and  we  stopped  working  with  the  N2  laser  source. 

5.  Four-photon  Generation  of  Anti-Stokes 

Preliminary  experiments  searched  for  non-linear  four-photon 
anti-stokes  generation  from  stimulated  stokes  in  quartz  fibers, 
using  the  nitrogen  laser.  In  order  to  reduce  the  phonon  noise  in 
the  quartz  fiber  we  thought  that  by  cooling  the  fiber  we  could 
remove  the  spontaneous  anti-stokes  lines  of  the  337  nm  fundamental. 
A  35  meters  long,  300  urn  fiber  was  cooled  at  liquid  nitrogen,  dry 
ice  and  at  0°  C.  No  stimulated  anti-Stokes  and  only  weak  Stokes 
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lines  were  seen.  In  fact,  it  was  found  that  the  transmission  of 
these  plastic-clad  quartz  fibers  dropped  dramatically  with  tempera¬ 
ture.  This  loss  was  reversible,  but  at  770  K  the  transmission  was 
only  lOX  of  its  room  temperature  value.  As  the  temperature 
increased,  the  transmission  of  the.  fiber  went  back  to  its  original 
value.  The  reason  for  the  strong  decrease  in  transmission  at  lower 
temperatures  was  presumably  due  to  the  strong  dependence  of  the 
refractive  index  of  the  plastic  cladding  on  temperature.  A  weak 
Raman  Stokes  line  was  seen  at  dry  ice  temperatures.  This  is  shown 
in  Figure  [81.  Because  of  the  loss  introduced  by  cooling,  the 
low- temperature  experiments  were  dropped.  The  data  taken,  however, 
show  some  interesting  properties  of  the  stimulated  Raman  spectra  in 
quartz  fibers.  The  Raman  lines  were  typically  double,  and  sepa¬ 
rated  by  5  A.  As  a  comparison,  the  spectrum  of  the  Nitrogen  laser 
is  shown  in  Figure  [9]  and  can  be  seen  to  have  a  full  width  at  half 
maximum  power  of  1.54  A.  Thus  the  Raman  doublet  is  real,  and  pre¬ 
sumably  due  to  the  properties  of  fused  quartz,  or  to  the  properties 
of  the  fiber.  Further  study  is  required  to  understand  the  origin 
of  this  doublet. 

Generation  of  anti -stokes  requires  phase-matching,  which  cannot 
be  calculated  because  there  is  insufficient  data  on  the  UV  refrac¬ 
tive  properties  of  liquids.  Thus  we  began  an  experiment  to  measure 
the  refractive  index  of  these  materials  by  measuring  the  minimum 
deviation  angle  in  a  prism.  This  was  carried  out  by  an  under¬ 
graduate  as  a  research  program.  Difficulties  in  achieving  repro¬ 
ducible  results  delayed  this  experiment,  and  it  has  not  been 
completed . 

As  an  alternative,  stimulated  Raman  scattering  in  gas-filled 
guided  wave  devices  was  considered.  Phase-matching  can  be  achieved 
by  the  addition  of  buffer  gases.  A  novel  scheme  has  been  proposed 
and  is  being  modelled,  consisting  of  using  an  inverted  population 
to  create  stimulated  anti-stokes.  The  inverted  population  will 
come  from  a  hydrogen  gas  discharge.  In  order  to  achieve  a  long 
interaction  length  within  a  plasma  discharge,  whispering  gallery 
modes  will  be  used,  as  we  have  previously  demonstrated  with  a  He-Ne 
laser  CE.  Garmire,  H.  Bass,  T.  McMahon,  IEEE  J.  Quantum  Electro¬ 
nics,  January,  19803 . 

6.  Operation  of  Excimer  Laser 

The  nitrogen  laser  used  in  preliminary  experiments  was  replaced 
by  a  XeF  excimer  laser  in  order  to  obtain  lower  beam  divergence  and 
more  power.  The  output  was  measured  as  60  mJ  in  15  nsec,  with  a 
beam  divergence  of  2  x  3  mrad.  This  laser  was  used  to  investigate 
Raman  scattering  in  liquids.  However,  because  this  was  a 
stationary-fill  laser,  the  power  dropped  substantially  after  only  a 
dozen  shots,  and  we  found  it  unsuitable  for  point-by-point  measure¬ 
ments  of  spectra  which  was  our  original  experimental  technique. 

Use  of  photo-graphic  film  for  single-shot  analyis  would  make  this 


3340  3360  3380  3400  3420  3440 

WAVELENGTH  8 


Figure  8.  Stimulated  Raman  line  in  quartz  fiber  initiated  by 
nitrogen  laser  pulse.  This  Raman  line  is  due  to  the  OH  vibiration 
in  the  quartz. 


laaer  useful,  and  probably  should  have  been  used.  Alternatively, 
this  laser  would  be  useful  with  an  DMA  for  recording  the  data. 

Personnel 

The  work  was  under  the  direction  of  Hordechai  Rothschild  until 
November  and  under  the  direction  of  Elsa  Garmire  after  that.  The 
student  Hisham  Abad  worked  on  the  pro3ect  throughout  the  year. 

Publications 

Because  of  the  preliminary  nature  of  the  work  and  its  one-year 
duration,  there  were  no  publications  or  patent  applications  during 
the  period  of  the  contract. 
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